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Summary
Mammalian neonates depend on their mother’s food
supply and use a defined sequence of actions to find
her mammary area. Their behavior is initially uncertain
and demanding but rapidly becomes optimal. Efficient
learning is thus operating in newborns [1–4]. For in-
stance, European rabbit (Oryctolagus cuniculus) pups
localize the nipples through typical orocephalic move-
ments [5, 6]. These movements are released by the
mammary pheromone secreted in milk [7, 8] or by
prenatally learned odor cues [9]. During daily nursing
[10], they also learn odors associated with the mother
[11–13], supposedly with sucking as the main rein-
forcer [14]. We here investigate the role of the mam-
mary pheromone as an enforcer of early olfactory
learning in newborn rabbits. In testing more than 950
pups, we show that the mammary pheromone pro-
motes learning of neutral odorants paired with the
pheromone in single and short trials. The pheromone-
induced learning is efficient from birth and supports
successive acquisition of distinct odorants. This re-
veals that a mammalian pheromone can function as a
‘‘cognitive organizer’’ that promotes early learning of
relevant environmental cues.
Results
A Single-Trial and Stimulus-Specific Odor Learning
To assess the reinforcing properties of the mammary
pheromone, we exposed 2-day-old rabbits for 5 min
simultaneously to the pheromone and a neutral odorant
E (ethyl acetoacetate; concentration of the pheromone-
odorant blend: 1 mg $ml21, the level at which the phero-
monal releasing activity is optimal [15]) and then as-
sayed the pups with a glass stick carrying odorant E
alone (concentration: 1 mg $ml21). Between 4 and 8 hr af-
ter being paired with the mammary pheromone, odorant
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3 These authors contributed equally to this work.E increasingly elicited the typical all-or-none searching-
grasping responses in pups (comparisons among 224,
4, and 8 hr: c2 > 15.7, df = 2, and p < 0.001). For the fol-
lowing 8–48 hr, pup responsiveness to odorant E re-
mained high, and it peaked at 24 hr (comparisons among
8, 24, and 48 hr: c2 < 1.5, df = 2, and p > 0.05 for both
responses). After 48 hr, the responses decreased, and
they had nearly vanished by 120 hr (24–120 hr: c2 >
18.2, df = 4, and p < 0.001; Figure 1). Thus, one single
pairing between an arbitrary neutral odorant and the
mammary pheromone is sufficient to engage the learn-
ing of the odorant, with a period of consolidation of sev-
eral hours and a decline of the response after 48 hr. In
the following experiments, all postlearning tests were
then run at the zenith of pup responsiveness (i.e., 24 hr
after the mammary pheromone-odorant pairing).
Because the previous learning could be caused by
mere exposure to odorant E, another group of pups
was exposed to odorant E for 5 min without its being
paired with the mammary pheromone. Their subsequent
responsiveness to odorant E did not increase 24 hr later
(Figure 2A), confirming the interpretation that the phero-
mone itself is engaging learning. Further, the mammary
pheromone-induced learning of odorant E did not result
from nonspecific olfactory sensitization: When another
neutral odorant, F (furaneol), was presented after a mam-
mary pheromone-odorant E pairing, it remained com-
pletely inactive (activity of odorant E versus F 24 hr after
pheromone-odorant E exposure: c2 > 20 and p < 0.001
for both responses; Figure 2A).
The generality of the mammary pheromone-induced
odor learning was tested by repetition of the above ex-
periments with odorant F as the conditioned stimulus.
Again, this odorant shifted from behavioral inertia to
high activity 24 hr after its pairing with the pheromone
(c2 > 15.4 and p < 0.001 for both responses; Figure 2B),
independently from any mere exposure effect (pups ex-
posed to odorant F alone did not react to it 24 hr later;
Figure 2B). In addition, the mammary pheromone-
odorant F pairing did not affect responsiveness to an un-
paired odorant, E, confirming that pheromone-induced
learning was selective (odorants F versus E activity
24 hr after pheromone-odorant F exposure: c2 > 16.05
and p < 0.001; Figure 2B). In sum, the mammary phero-
mone can selectively transfer its releasing potency to
distinct, behaviorally inert odorants during a single brief
pairing, and thus the mammary pheromone can act in
Pavlovian terms as an unconditioned stimulus.
A Temporal- and Intensity-Dependent
Associative Learning
When the newborns were exposed to odorants E or F for
2.5 min and then exposed to the mammary pheromone
(or to distilled water for control pups) 1 s later for another
2.5 min, they did not learn the odorants (0% responded
24 hr later; four groups of 20 pups). However, if the pups
were simultaneously exposed to odorant E and the
pheromone for 5 min, with the stimuli being separated
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1957in space (i.e., not administered as a mixture), odorant E
released searching-grasping responses in 45%–50% of
the pups (two groups of 20 newborns; odorant E activity
with prior exposure to the pheromone versus without
prior exposure: c2 > 8.5 and p < 0.01 for both responses).
Thus, the conditioned and unconditioned stimuli have
to temporally overlap for conditioning to occur, reveal-
ing the associative nature of the mammary pheromone-
induced odor learning.
Because the mammary pheromone is seemingly able
to transfer its releasing activity to any paired neutral
odorant, questions arise of whether the pheromone-
induced activities of odorants E and F were equivalent
and whether these activities were equivalent to the
pheromone activity. The response rate elicited by odor-
ants E and F appeared to be similar 24 hr after their
respective pairing with the mammary pheromone (c2 <
0.81 and p > 0.05 for both responses) but were lower
than that of the pheromone itself (odorants E or F versus
mammary pheromone at 1 mg $ml21: c2 > 14.0 and p <
0.001 for both responses; Figure 3). Because the inten-
sity of the conditioned and unconditioned stimuli is
known to influence the effectiveness of conditioning
[16, 17], we then assessed whether the efficiency of the
mammary pheromone-induced odor learning could be
improved by increasing the concentration of the phero-
mone-odorant blend. When pups were exposed to
a 1-log-unit-higher concentration of the mammary
pheromone-odorant E or mammary pheromone-odorant
F mixture (i.e., 10 mg $ml21, the releasing effect of the
pheromone being equivalent at 1 and 10 mg $ml21 [15]),
the proportion of pups responding 24 hr later to odorants
E or F increased to more than 85% (10 versus 1 mg $ml21:
c2 > 12.2 and p < 0.001 for both responses to each odor-
ant) and was then similar to the rate of pups responding
to the pheromone (odorants E or F versus mammary
pheromone: c2 < 1.5 and p > 0.5 for both responses; Fig-
ure 3). Thus, the mammary pheromone promotes odor
Figure 1. Time Course of the Mammary Pheromone-Induced Odor
Learning
The graph illustrates the percentage of independent groups of pups
responding to odorant E by searching (dotted bars) or grasping (gray
bars) 24 hr before or 4, 8, 24, 48, 72, 96, and 120 hr after a 5 min ex-
posure to the mammary pheromone-odorant E (MP-E) blend (num-
bers of pups tested indicated in brackets). The blend and odorant
E alone were diluted at 1 mg $ ml21. For each response, distinct let-
ters (on top of bars) indicate between-times differences.learning at weak intensity, and the associated condi-
tioned stimulus can become as potent as the pure
pheromone to strongly release orocephalic responses
when the stimulative intensity of the blend is increased.
Mammary Pheromone-Induced versus Nursing-
Induced Reinforcing Effect on Odor Learning
Mammary pheromone-induced odor learning in no way
interferes with the releasing activity of the pheromone it-
self (Figure 3), suggesting that during nursing, the pher-
omone keeps its potency as a directional signal while
imparting sensory salience to common odorants pres-
ent on the female’s abdomen or in milk. We then com-
pared the relative impact of a same odorant either ap-
plied on the mother’s abdomen and acquired during
nursing [11–13] or learned after association with the
mammary pheromone outside of nursing. Expectedly,
pups suckled by females anointed with odorants E or
F (concentration: 10 mg $ml21) became highly respon-
sive to odorants E or F 24 hr later. Interestingly, however,
the proportions of responding pups were similar to
those resulting from the pheromone-induced odor
learning (c2 < 0.26 and p > 0.05 for responses to both
each odorant; Figure 4). These results indicate that the
Figure 2. The Mammary Pheromone-Induced Odor Learning Is
Generalizable but Selective
Percentage of pups responding to initially neutral odorant E or odor-
ant F by searching or grasping is represented: (A) 24 hr before and 24
hr after a 5 min exposure to the mammary pheromone-odorant E
mixture (MP-E; n = 40 pups) or to odorant E alone (E; control expo-
sure; n = 40); (B) before and after exposure to the mammary phero-
mone-odorant F mixture (MP-F; n = 40 pups) or to odorant F alone (F;
control exposure; n = 40 pups). The blends and the pure odorants
were diluted at 1 mg $ ml21. For each response, distinct letters indi-
cate between-times differences for the same stimuli, and asterisks
indicate differences between stimuli at the same time.
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and at most a necessary key reinforcer, explaining why
pups engage so rapidly in learning during natural nursing.
Taken together, the above results highlight the poten-
tial impact of the mammary pheromone on early odor
learning operating during mother-pup interactions. The
major goal of the study was then met. We report hereaf-
ter three other characteristics of the mechanisms lead-
ing to the mammary pheromone-induced odor learning.
Sequential Pheromone-Induced Learning
of Distinct Odorants
The fact that the mammary pheromone allows learning
of an odorant A raises questions about its subsequent
ability to support the learning of an odorant B and about
potential interferences between such successive condi-
tionings [18]. When pups (n = 20) were exposed to the
mammary pheromone-odorant E blend on day 1 and
then to the mammary pheromone-odorant F pairing on
day 2 (concentrations: 10 mg $ml21), they strongly re-
sponded to odorant F on day 3 (80% of searching-
grasping pups; a rate similar to that obtained when
odorant F was pheromonally learned on day 2 without
any learning on day 1; c2 < 0.2 and p > 0.5 for both re-
sponses). This new pheromone-induced learning with
odorant F did not erase the day-3 responses to odorant
E (30%–45% of searching-grasping pups; the rates were
higher than those obtained for odorant E—0%—for 20
control pups exposed to the pheromone-odorant F
blend only;c2 > 4.9 and p < 0.05). Furthermore, a sequen-
tial acquisition can occur within the same conditioning
episode: When pups were exposed to the mammary
pheromone-odorant E mixture for 2.5 min then immedi-
ately to the mammary pheromone-odorant F blend for
the same duration, odorants E and F became highly
and equally active the next day (for either odorant,
Figure 3. The Concentration of the Mammary Pheromone-Odorant
Mixture Influences Odor Learning without Interfering with the
Releasing Activity of the Mammary Pheromone
Percentage of pups displaying searching (dotted bars) or grasping
(gray bars) to odorants E or F and to the mammary pheromone
(MP) are represented 24 hr after their exposure to the mammary
pheromone-odorant E or the mammary pheromone-odorant F blend
at (A) 1 mg $ ml21 (n = 40 pups per group for odorants E and F, same
animals as in Figure 2, pooled for their response to the mammary
pheromone) and (B) 10 mg $ ml21 (independent groups of pups; n =
40 pups per group, pooled for their response to the mammary pher-
omone). For each response, distinct letters indicate between-stimuli
differences.75%–79.2% of 24 pups searched and grasped). Thus, it
might be expected that during consecutive, or even the
same, nursing episodes, the mammary pheromone has
the ability to enforce the encoding of distinct odorants.
The Mammary Pheromone as a Primary Reinforcer
In the above trials, the pups were tested on day 2 after
normal nursing experiences and exposures to the re-
lated cascade of reinforcing processes (i.e., warmth,
comfort contact, sucking, and satiety). Thus, the rein-
forcing value of the mammary pheromone may be a con-
sequence of the mammary pheromone’s earlier pairing
with such primary reinforcers [1–4, 19]. This issue was
assessed in testing vaginally delivered newborns, de-
prived of maternal contact and milk ingestion, who
were exposed to the pheromone-odorant E blend (10
mg $ml21) 30 min after birth and then tested with odorant
E 24 hr later, before any nursing. These nursing-naı¨ve
pups responded to odorant E at the same rate (>85%)
as those conditioned on day 2 after prior nursing ex-
periences (c2 < 0.3 and p > 0.05 for both responses;
n = 20 pups per group). Thus, the pheromone-induced
learning functions in complete independence from other
natal or postnatal reinforcements, and the mammary
pheromone can qualify as a primary reinforcer. Further-
more, and unlike certain primary reinforcers listed
above, the reinforcing potency of the mammary phero-
mone may not derive from prenatal experience because
the pheromone could not be detected in the fetal envi-
ronment [7, 8]. In sum, not only does the releasing func-
tion of the mammary pheromone appear to be indepen-
dent of previous experience but its reinforcing function
does also.
This experiment also provides a hint about the mech-
anism underlying the mammary pheromone-induced
odor learning. During the conditioning, 2-day-old pups
exposed to the pad carrying the stimulus blend rushed
and probed it for at least 2 min, indicating a drastic
change in behavioral state. In the same conditions, newly
born pups remained nearly inactive (<10 contacts with
Figure 4. The Mammary Pheromone-Induced Odor Learning Re-
sembles the Nursing-Induced Odor Learning
Percentage of pups displaying searching (dotted bars) or grasping
(gray bars) to odorants E or F are represented 24 hr after (A) their
exposure to the mammary pheromone-odorant E or mammary
pheromone-odorant F blends (at 10 mg $ ml21), respectively (n = 40
pups per group) and (B) their nursing by a female painted with
odorants E or F (at 10 mg $ ml21; n = 40 pups per group). For each
response, distinct letters indicate between-stimuli differences.
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when they were individually exposed to the pure mam-
mary pheromone [8]). Despite the fact that both groups
of pups showed such a sharp activational disparity dur-
ing the acquisition phase of the pheromone-induced
learning, they all responded strongly to the odorant 24 hr
later. The level of behavioral activation coinciding with
the pheromone-induced learning thus appears to be
barely related with the level of subsequent conditioned re-
sponse to the odorant. In other words, the mammary
pheromone-induced odor learning may not depend on
a phenomenon of general activation, which is causal in
the rapid odor conditioning of neonatal rats [20, 21].
Immediate Engagement of Learning Induced
by the Mammary Pheromone
Finally, the mammary pheromone-induced odor learn-
ing could be switched on in much less than 5 or even
2.5 min of conditioned-unconditioned stimuli pairing.
An exposure of the litter to the pheromone-odorant E
blend (10 mg $ml21) for only 30 s engaged an efficient
learning (60%–65% of 20 pups searched and grasped
to odorant E 24 hr later, whereas no control pup among
20 pups previously exposed to odorant E alone re-
sponded; c2 > 17.1 and p < 0.001 for both responses).
More surprisingly, an individual exposure to the phero-
mone-odorant F mixture for 15 s (1 mg $ml21; each pup
being hand held while exposed to a glass stick carrying
the blend) was sufficient to induce responsiveness to
odorant F 24 hr later (searching-grasping pups:
47.8%–30.4%; conditioned versus control pups: n = 23
and 22, respectively; c2 > 5.7 and p < 0.02 for both re-
sponses). When the concentration of the pheromone-
odorant F blend was enhanced (10 mg $ml21) in this
15 s conditioning, the responsiveness to odorant F
increased (85% of 20 pups searched and grasped) to
equal the levels released by odorant F after a 5 min con-
ditioning at this concentration and by the pheromone
itself (c2 < 0.7 and p > 0.05). Thus, the mammary phero-
mone can engage odor learning within an extremely
short associative episode, with minor influence of the
context in which conditioning occurs (collective expo-
sure in the nest or individual exposure in the experi-
menter’s hand).
Discussion
To our knowledge, the present report provides the first
demonstration that, in a newborn mammal, a volatile
compound qualifying as a pheromone can act both as
a releasing signal and as a primary reinforcing agent
(these properties were considered so far as restricted
to sweet taste [22, 23]). One previous study in adult
rats has shown that a breath compound can improve
socially mediated acceptance of new foods [24]. In addi-
tion, undefined chemicals in biological excretions were
suggested to ease odor learning through associative
conditioning in young rats [20] or to act as reward in op-
erant conditioning in adult male hamsters [25]. However,
because their reinforcing potency has been described in
experienced animals, it may have originated in postnatal
acquisition processes. In contrast, both releasing [8]
and reinforcing properties of the rabbit mammarypheromone are evident within minutes after birth and
do not derive from prenatal induction.
The conditional odor acquisition unveiled here is
highly meaningful in the parsimonious nursing regimen
evolved by European rabbits. When rooting for a nipple
and sucking, the altricial pups are inevitably exposed
to the mammary pheromone as well as to other contex-
tual odorants originating from the mother’s genetic
or environmental upbringing. Mammary pheromone-
induced associative processes involving such odorants
should thus be effective from the very first suckling and
should anticipate adaptive responses displayed 24 hr
later, when the next nursing happens. In this way, neutral
odorants can expediently become directional cues,
when at the same time the mammary pheromone retains
its ability to further transform novel odorants into opera-
tional cues. Thus, the mammary pheromone-induced
odor learning rapidly extends the range of odorants
that predict milk reward and possibly contributes to the
improvement of pups’ skill to localize a nipple over the
first postnatal days [26]. The mammary pheromone can
be seen as an extra-fast magnifier of learning that war-
rants neonatal survival and acquisition about the sur-
roundings.
More generally, currently debated issues on how and
for how long relations between stimuli are encoded,
stored, and retrieved during development may benefit
from this model of learning. First, its practicality may
be highlighted in comparison with current mammalian
models [27]: It relies on very brief conditioning proce-
dures (one trial, 15 s to 5 min long) recruiting appetitive
responses after a period of consolidation; in addition,
because rabbit females practice ‘‘absentee’’ parenting,
the pups are accessible to experimental treatments
with minimal separation-stress confounds. The mam-
mary pheromone-induced odor learning should also
prove to be a convenient tool to shed light on neural
and molecular processes in key brain structures involved
in encoding, computation, memory, and executive func-
tions related to a primary reinforcer and to the odor stim-
uli learned by association with the reinforcer [28–30]. In
particular, it may kindle our views of predisposed per-
ceptual mechanisms that shape behavioral and neuro-
cognitive development in young mammals in a context
where such analyses remain infrequent due to inade-
quate models [31, 32].
Experimental Procedures
Animals
New-Zealand*Californian females (strain Inra 1067) and males (Gri-
maud Fre`res Hyplus) were bred in the rabbitry of ENESAD. The ani-
mals were under constant light-dark cycle (16:8 hr) and temperature
(20C 6 2C). Water and pelleted food (Sanders) were provided ad
libitum. Pregnant females were given a nest box 2 days before the
day of birth (day 0). For evening out the pup-female interaction
rate and improving pup thriving, females’ access to the nest was
allowed for 15 min per day every morning. For the pups conditioned
30 min after birth, the delivery was monitored, and they were isolated
from the mother in a clean, warm box. A total of 979 pups, from 158
multiparous females, were used. To avoid litter effects, the experi-
mental groups were drawn from 4–5 litters (maximum: 5 pups per
litter per group).
Stimuli
The mammary pheromone (2-methylbut-2-enal) was used as the
unconditioned stimulus. The conditioned and control stimuli, ethyl
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they do not compose rabbit scent and because they elicit no re-
sponse, but sniffing, in newborns. For the mammary pheromone-in-
duced odor learning, mixtures of mammary pheromone and odorant
E or mammary pheromone and odorant F were prepared in distilled
water at a final concentration of 1 or 10 mg $ml21 with a 50-50 (v/v)
ratio of each compound (except in the case where the mammary
pheromone and odorant E were delivered simultaneously, but un-
blended from two locations of the stimulus pad, at 1 mg $ml21). For
nursing-induced odor conditioning, the odorants applied on the
does’ abdomen were diluted in water at 10 mg $ml21. Odor tests
were run with the odorants presented in aqueous dilutions at the
concentration used during conditioning. All the compounds were
purchased from Aldrich.
Conditioning and Behavioral Testing
The mammary pheromone-induced odor learning was carried out on
day 2, 2 hr before scheduled nursing time, except for pups condi-
tioned 30 min after birth. In general, immediately before the condi-
tioning session, 2 ml of the pheromone-odorant mixture was pipet-
ted on a pad (19 3 14 cm, 100% cotton) in a standardized manner
(see the text for the particular 15-s-long pheromone-induced learn-
ing). The stimulus pad was held with a gloved hand 2 cm above the
litter in the nest or a warm box for 5 min (or exceptionally, 2.5 min or
30 s, see text), with the pups being allowed to direct searching on it.
This behavioral activity could be assessed for the litter in terms of in-
tensity (weak: <10 contacts per litter per assay or strong: >50 con-
tacts per litter per assay) and duration. Control pups followed the
same procedure except that they were exposed to a pad spiked
with 2 ml of either odorant E or F.
The nursing-induced odor learning was adapted from previous
studies [11–13]. The doe was scented immediately before nursing
by the application of the odorant (2 ml) with a paintbrush 1 cm
around each nipple. After treatment, the doe was reintroduced into
her cage and the nest box was opened. All females entered the
nest in less than 15 s and nursed for 3–4 min (as usual in European
rabbits).
The behavioral assay consisted in a 10 s presentation, in front of
the pup’s muzzle, of a glass stick carrying the stimulus [8, 15]. The
variables were the frequency of pups responding at least once by
head-searching movements or oral grasping of the stick (the test
was interrupted before 10 s if both items were displayed once).
The test was used 24 hr before the unconditioned-conditioned stim-
uli pairing to assess the initial activity of odorants E and F and/or 24
hr after pairing, or not, with the mammary pheromone to examine
their final activity. When the pups were tested repeatedly, an inter-
trial interval of 30 s was maintained, and the order of stimuli presen-
tation was counterbalanced (except that pure mammary pheromone
was always applied last). All experiments were carried out in accor-
dance with French legislation (Ministry of Research and Technology
and Ministry of Agriculture).
Statistical Analysis
The percentages of pups responding to the stimuli were compared
by the c2 test of McNemar or c2 test of Pearson (comparisons for
dependent or independent groups of pups, respectively). The Yates
correction was done when necessary. Data were regarded as signif-
icant when the two-tailed tests ended with p < .05.
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